The mineral in monomineralic glauconite pellets is an iron-rich mixed-layer illite-smectite (here called glauconite), often composed almost entirely of illite layers. The nature of the interlayering is closely analagous to that of aluminous illite smectite and varies with the proportions of the layer types: >30 per cent smectite, randomly interstratified; 15 30 per cent smectite, allevardite-like ordering; < 15 per cent smectite, 'IMII' ordering.
INTRODUCTION
Since yon Humboldt in 1823 (Schneider, 1927) originally described glauconite pellets in sedimentary rocks, many workers have studied its mineralogy and petrology (the literature has been reviewed by McRae, 1972) .* Using modern analytical techniques such as X-ray powder diffraction, Warshaw (1957) and Burst (1958 a, b) made the first detailed studies of the mineralogy of glauconite pellets and observed that all green pellets found in sedimentary rocks are not mineralogically alike and in some cases single pellets consist of heterogeneous mineral mixtures. These observations were subsequently corroborated by a number of workers, e.g. Hower (1961) , Pratt (1962) , Ehlmann et al. (196:2) , Triplehorn (1966) , Barackman (1964) and Bell and Goodell (1967) . Warshaw (1957) , Burst * Terminolog~As pointed out by McRae (1972) , the terminology associated with glauconite is quite confusing. It would be convenient to have a distinct name, (e.g. George) for the iron-rich illite-smectite of all proportions of interlayering that is the dominant or exclusive mineral in most glauconite pellets. However, we do not, In this paper we will call it glauconite and use it in a mineralogical sense. When referring to samples in morphological or occurrence sense we will use the term 'glauconite pellets'. This does not seem to us to be the most convenient way, but is the best solution without inventing new terminology, which we abhor.
(' .(' .M. 23/4 ( (1958a) and Hower (1961) , in addition, noted that most glauconite pellets are monomineralic and consist of a mineral structurally similar to mixed-layer illite-smectite, and that there is considerable variation from sample to sample in the proportions of illite and smectite layers.
The purpose of this study was to investigate the mineralogy of glauconite (i.e. the iron-rich illite-smectite which is most commonly the predominant or exclusive mineral in glauconite pellets). Over 100 samples of glauconite pellets were examined. Of these samples, 20 were selected for further study.
These were chosen for their monomineralic nature and the homogeneity of their mixed-layering. They were chemically analyzed for the major elements and examined by X-ray powder diffraction and other techniques. Sample occurrence data are given in Table 1 .
THE STRUCTURE OF GLAUCONITE
The sections that follow contain our interpretation of the mineralogy of glauconite, based on X-ray powder diffraction, acid dissolution, thermogravimetric and chemical analysis.
X-ray powder diffraction methods
Glauconite pellets were gently broken with an agate mortar and pestle and further disaggregated 289 ultrasonically. The clay suspensions were then mounted on unglazed ceramic tiles by the method of Kinter and Diamond (1956) . Air-dried and ethylene-glycol solvated samples were run on a General Electric XRD-6 using CuKe radiation and scan speeds of 2 ~ and 0"4 ~ 20 rain. Reynolds and Hower (1970) have developed an analog computer program to synthesize X-ray powder diffraction patterns for mixed-layer illite-smectite of varying expandabilities and types of interlayering. Their published patterns show excellent correspondence to X-ray diffraction patterns of naturally occurring illite-smectite. To test the idea that glauconite is structurally similar to illitesmectite, this program has been used to calculate patterns for iron-rich illitesmectite of varying proportions of interlayering, types of ordering and crystallite thickness. Calculations were made using an iron content in the octahedral layer of 0-9 Fe atoms/010(OH)2 which is typical of glauconite; other conditions were the same as those used by Reynolds and Hower.
Representative calculated X-ray powder diffraction patterns and representative X-ray powder diffraction patterns from samples of naturally occurring glauconite are shown in Fig. 1 .
Interpretations of the X-ray patterns
As can be seen in Fig. 1 . the correspondence between the calculated patterns and the patterns from representative glauconite samples is excellent. The fact that the program, used to interpret the structure of illitesmectite, produces patterns matching those of natural glauconite, leads us to conclude that glauconite is structurally analogous to illite-smectite and that it is valid to draw detailed structural interpretations from comparison of the X-ray powder diffraction patterns of glauconite with the calculated diffraction profiles.
It is more difficult to make an accurate determination of the proportions of layers in glauconite than in illite-smectite because of the low intensity of the reflection that occurs between 15.6 ~ and 17.7 ~ 20 (CuK~). This reflection (the combined (002)]0A/(003)17A for random interstratification) is the most useful in the quantitative interpretation of patterns of illite smectite, but is weak in those of glauconite because of the presence of large amounts of iron in the octahedral layer (see Grim et al., 1951) is so low that its spacing cannot be determined with precision. In these cases one must rely on the shape and position of the low angle peaks, and the precision of estimating the proportions of layers is poorer. We estimate precision to be + 5 per cent at low expandabilities, and + 10 per cent at high expandabilities. The proportion of layers and the manner of interstratification of the glauconites examined in detail in this study are presented in Table 2 . Figure 1 shows diffraction patterns of samples covering a large range of interlayering.
Based on the interpretations shown in Table 2 , supplemented by an examination of diffraction patterns of a large number of additional samples during the sample selection procedure, the following general observations regarding the nature of mixed-layering in glauconite can be made;
(1) glauconite structures range from those with fewer than 5 to more than 65 per cent smectite layers. Pratt (1962) has reported some recent glauconites which are composed of more than 65 per cent smectite layers, (2) glauconites with more than 25-30 per cent smectite layers are randomly interstratified ( Fig. 1 ; G89-6, G68A), (3) most glauconites with 10 to 25 per cent smectite layers show allevardite-like ordering (i.e. smectite layers are separated by at least one illite layer) ( Fig.  1 ; JH-63-3), (4) glauconites with less than 10 per cent (and a few with 15 per cent) smectite layers exhibit the type of ordering which Reynolds and Hower (1970) describe as the IMII type ( Fig. 1 ; G294 and G3585) and (5) even samples of glauconite pellets which, upon cursory examination, appear monomineralic often show minor mineral impurities on detailed analysis. This is particularly true of the more expandable samples, although a mixture of a small amount of 10A impurity in samples of low expandability would be undetectable in the X-ray diffraction patterns.
CHEMICAL COMPOSITION OF GLAUCONITE

Analytical techniques
The elements silicon, aluminum, iron, titanium, calcium and potassium were quantitatively determined in 21 samples by vacuum X-ray emission spectrometry. Matrix corrections were made using a computer program modified from that of Hower et al. (1965) . Prior to analysis the samples were heated at 1000~ for three hr to remove absorbed and structural water, diluted 2:1, 4:1, or 9:1 (depending upon abundance of sample) with Li2B407 and fused to minimize matrix effects; the fused samples were ground and pressed into pellets for analysis. A standard, which approximated the composition of glauconite, was made from oxides of the metals. Standard deviation, in terms of per cent of the amount present, are; iron + 1"02 per cent, titanium + 2-74 per cent, potassium _+ 1-30 per cent, calcium + 3'69 per cent, silicon contains some 7g and some dlscrsete 10~ + 1.01 per cent, and aluminum + 2.89 per cent. Seven A mineral impurities were removed prior to chemical analysis by heat treatment and base dissolution as described by Brown (1961) . Samples with more than very minor amounts of other impurities were not chemically analyzed. Sodium content was determined using a flame photometer. Ferrous: ferric ratios were determined by the method of Reichen and Fahey (1962) . Sodium contents and ferrous: ferric ratios were not determined on a few samples for which there was insufficient material. The chemical analyses are reported in Table 3 .
STRUCTURE--COMPOSFFION RELATIONSHIPS IN GLAUCONITE
The chemical composition of glauconite varies over a wide range. This range, as determined from this study and analyses punished by other workers (Hendricks and Ross, 1941; Burst, 1958) , is summarized in Table 4 .
Compositional variations in the mixed-layer series
The chemical analyses in Table 3 have been re-cast into structural formulas based on a cell with an anion content of O~o(OH)2 and are shown in Table 5 . The structural formulas were calculated by ignoring the sodium and calcium and assuming that the cation exchange capacity is 8m-equiv./100g/10 per cent smectite layers (Manghnani and Hower, 1963) . This approach was taken because a few samples were slightly contaminated with calcite and, for some sampies, insufficient material was available for a sodium analysis. In this way the formulas are calculated on a uniform basis. Pure samples with sodium analyses yielded identical structural formulas when the formulas were calculated either assuming a cation exchange capacity or by including sodium in the calculations.
As with normal illite-smectites (Hower and Mowatt, 1966) , it would be expected that in glauconite the number of potassium atoms (K,) per Olo(OH)2 would increase with the proportion of illite layers (cf. Table 2 ). The relationship is excellent (Fig. 2) but cannot be interpreted simply, because the curve increases is displayed so strikingly by the iron-rich illite-smectite of glauconite (Table 6 ).
The formation of illite layers and orderin O of mixedlayering
We believe that the systematic variation in potassium content of the illite layers and the existence of allevardite-like ordering in structures with a high proportion of illite layers in the illite-smectite series have a common explanation. This explanation can be most readily understood by considering the progressive conversion of a completely expandable smectite into an illite through the mixed-layer series and is based on Sahwney's (1967) !nterpretation of the formation of ordered biotite-vermiculite in the conversion of vermiculite to biotite in laboratory alteration experiments.
According to Sawhney (1967) ordered interlayering of hydrated and non-hydrated interlayers occurs during the replacement of Ca 2+ by K + in vermiculite because the contraction of a layer to 10 A reduces the effective interlayer charge available to the adjacent (hydrated) interlayer spaces, thus making the latter less likely to contract. The reduction of effective' interlayer charge in the adjacent hydrated layers results from the polarization of electronic charge within the 2:1 layers in the direction of the dehydrated interlayer space, caused by the shortening of the interlayer cation-oxygen bonds on loss of interlayer water and a concomittant reduction in the dielectric constant of the dehydrated interlayer space. If we now consider the progressive conversion of a smectite to an illite it can be seen that the same mechanism should operate. The first layers to contract should be able to do so even when there is a relatively low charge on the adjacent 2:1 layers and a relatively low interlayer potassium content. The hydrated interlayer spaces adjacent to the contracted interlayer would then need a greater amount of substitution in the flanking tetrahedrat and octahedral layers and a higher potassium content before they would be able to contract. Therefore as the number of illite layers increases, further illite layer formation demands a higher substitution within bounding 2:1 layers and a higher potassium content. This accounts for the K, vs per cent illite layers relationship shown in Fig. 2 . The above explanation also accounts in a qualitative sense for the presence of ordering in illite-smecrite and glauconite with a high proportion of illite layers. The model predicts complete allevardite ordering when the proportion of illite layers reaches 50 per cent. Aluminous illite smectite becomes completely ordered when 60-65 per cent of the layers are illite, and glauconite when about 70 per cent of the layers are illite (cf. Table 2 ). We suggest that partial ordering begins when the proportion of illite layers is less than 60-70 per cent in both of these series, but that ordering does not become sufficiently developed to be detectable by X-ray powder diffraction methods until a higher level of illite content is attained.
Mineralogical differences between iUite-smectite and glauconite
As can be seen from Fig. 2 and Table 6 the potassium content of illite layers in highly expandable glauconite is far lower than it is in aluminous illite-smecrite with the same structure, We believe that the formation of illite layers in a glauconite structure containing a high proportion of smectite layers at a low potassium content can be attributed to its 1M structure and additionally, perhaps, to the presence of large amounts of iron in the octahedral layer. The explanation is based on the influence of structure and composition on the proximity of the hydrogen on the hydroxyl ion of the 2:1 structure to the adjacent potassium ion in micas.
Our argument follows from the explanation first outlined by Bassett (1960) to account for the fact that trioctahedral micas are more easily converted to vermiculite by leaching with such ions as Mg 2+ than are dioctahedral micas. Bassett's i.r. absorption analyses indicated that in phlogopite the orientation of the O--H axis of the hydroxyl immediately adjacent to the potassium ion is normal to the (001), being forced there by electrostatic repulsion of the symmetrically disposed magnesium ions in the octahedral sites. By contrast, the vacancies in the octahedral layer of dioctahedral micas allows the O-H axis to tilt away from the potassium ions toward the octahedral vacancies (Tsuboi, 1950; Vedder and McDonald, 1963; Bassett, 1960 ). Giese's (1971) electrostatic energy calculations of the muscovite structure indicate that the tilt of the 72 ~ of the O-H axis with respect to the normal to the (001) is quantitatively explained by electrostatic response to the surrounding ions. Bassett's explanation of the ease of the interlayer alteration of phlogopite as compared to muscovite is that the potassium ion in phlogopite is less strongly bonded than is potassium in muscovite because of electrostatic repulsion by the hydrogen which is situated closer to the potassium ion in the phlogopite than in the muscovite structure. Giese (1973) has further shown that the amount of tetrahedral rotation should strongly in-fluence the tilt of the O-H axis and, on the basis of published structures, has calculated maximum O-H axis tilt (90 ~ for the 1 M structure. Glauconite is a 1 M polymorph (Burst, 1958b) and should thus provide this most stable bonding environment for the interlayer potassium. In addition, although intuitive reasoning does not always lead to the correct answer in dealing with questions concerning the balance of electrostatic forces in a structure as complicated as a mica (Giese, personal communication, 1973) , it seems to us that the higher electronegativity of iron as compared to aluminum would allow an even greater tilt of the O-H axis into the octahedral vacancy in glauconite than in an aluminous dioctahedral 1 M structure.
Excess octahedral occupancy in glauconite
Although glauconite is generally considered to have a dioctahedral structure (cf. Burst, 1958 ) some authors (Yoder, 1959; Bentor and Kastner, 1965 ) have suggested that there may be a certain amount of 'trioctahedral character,' caused by some substitution of 3R z+ for 2R 3+ in the octahedral layer. Their suggestions arise from the fact that when structural formulas are calculated (assuming an anion content of the cell of O10(OH)2, Marshall, 1935 ) the number of octahedral cations that results is sometimes significantly greater than the ideal 2.00. This feature is shown by a number of the formulas listed in Table 5 . The range of calculated numbers of octahedral cations is 1.97-2-27. Because of the vagaries of analytical techniques and the assumptions made in calculating the formulas, we consider 2-00 + 0.05 to be not significantly different from dioctahedxal. There remain nine of the nineteen formulas in Table 5 that indicate excess octahedral occupancy.
A number of possibilities exist that could explain the apparent excess in the number of octahedral cations. For example, Foster (1951) showed that montmorillonites reported to have octahedral occupancies as high as 2"2/Olo(OH)2 contain exchang eable magnesium which, when assigned to the interlayer site, reduced the calculated octahedral occupancy to 2.00 ___ 0.02. Although there certainly may be some exchangeable magnesium in our samples, this explanation is not sufficient because formulas adjusted to 2-00 octahedral cation per O~o(OH)2 yield unrealistically high interlayer charges (greater than 1 equiv./O~0(OH)2) for the smectite layers. As outlined below, it appears as if the presence of interlayer hydroxy complexes of iron, magnesium and aluminum explains the apparent excess octahedral occupancy in a more satisfactory manner. The existence of these interlayer hydroxy-metal .complexes was determined by techniques of progressive acid dissolution, thermogravimetric analysis and thermal X-ray diffraction.
Techniques of progressive acid dissolution analysis
The technique of progressive acid dissolution analysis is based on the fact that cations occupying different structural sites in a mineral are extracted at different rates when the mineral is leached with an acid solution. By analyzing the rates at which ions are extracted from a sample, it is possible to interpret how much of each ion is present in different structural and extrastructural sites in a crystal lattice and in which sites the ions are bonded. The technique has been used by a number of workers to determine cation distribution in layer silicates (e.g. Brindley and Youell, 1951; Osthaus, 1954 Osthaus, , 1956 Granquist and Sumner, 1957; Cloos et at:, 1960; Ross, 1969) .
The acid dissolution technique used in this study involved stirring a known quantity of disaggregated glauconite sample in a known volume of dilute HC1 at a constant temperature. The acid was sampled at frequent intervals and aliquots were analyzed for the ions under consideration.
Previous studies (Osthaus, 1954 (Osthaus, , 1956 Granquist and Sumner, 1957) have established that acid dissolution of specific ions in layer silicates obeys first order rate laws. This means that the extraction rate, expressed as the rate of change of concentration of the ion under consideration remaining in the glauconite, is constant. When the log of the concentration is plotted against time, a straight line results for a first order reaction. If an ion is bonded in two different lattice sites the ion will generally be removed at two different rates and a plot of log concentration vs time will be the sum of the two linear extraction rates and will appear as a curve. When such a curve results, it can be deconvolved (i.e. separated into extraction rates for the ion from each bond site) by subtracting the contribution by the site with the lowest rate and plotting the remainder on another log concentration vs time curve. This is done by extrapolating the linear portion of the curve at long times (where the contribution of the higher rate curve is insignificant) back to zero and subtracting this from the total curve. If more than two solution rates exist. the process can theoretically be continued to complete deconvolution. The amount of the ion in each bond site is also given by the deconvolution.
This technique is well-suited to an attempt to determine whether some of the ions which are identified by standard structural formula calculations as being octahedrally coordinated in the 2:1 portion of the structure of glauconite may, in fact, actually be bonded in some other way in the glauconite lattice, or be extraneous to the structure.
Results of progressive acid dissolution analyses
Progressive acid dissolution studies were made for the standard octahedrally coordinate cations in glauconite (magnesium, aluminum and iron) for two samples (G294 and G68A) which showed an octahedral occupancy of 2.16 and 2.22, respectively. Extraction rates for potassium were also determined for these samples. Potassium results will be discussed in a later section. The results of the progressive acid dissolution studies for samples G294 and G68A are shown in Figs. 3 and 4 . It is readily apparent that both G294 and G68A contain significant amounts of iron, aluminum, and magnesium that are rapidly removed by acid attack and that extraction rates reach constant values in each series. Therefore it is possible to extrapolate the linear portions of the curves back to time zero and to determine the amounts of rapidly removed iron, aluminum, and magnesium for each sample. The results of this determination are shown in Table 7 . The linear portion of each curve is interpreted as reflecting the rate of extraction of each ion coordinated in the octahedral site in the 2:1 portion of the structure. (This is not strictly true for aluminum, of course, as some aluminum is bonded in tetrahedral as well as octahedral sites/. The fact that a significant amount of each ion is removed at a rate considerably higher than the extraction rate for the octahedrally coordinated ion implies that each sample contains a significant amount of iron. aluminum and magnesium which is not coordinated in octahedral sites in the 2:1 portion of the structure, but rather is bonded in some kind of a sate or sites from which it is much more easily removed. Some of this more easily removed material is extracted rapidly enough to be considered exchangeable. However. most of the rapidly extracted iron. aluminum and magnesmm is not present as exchange ions. The thermogravimetric and thermal X-ray diffraction data presented below strongly suggest that the bulk of the rapidly extracted iron, aluminum and magnesium is present as interlayer hydroxy-complexes in the glauconites which show apparent excess octahedral occupancy.
T hermogr avimetric analysis
In the past few years, several workers have commented upon the presence of hydroxy-complexes of iron, magnesium, and aluminum in the interlayer spaces of expandable layer silicates (e.g. Rich, 1968; Slaughter and Milne, 1960; Malik, 1969a, 1969b) . We used thermogravimetric analysis (TGA) to attempt to establish whether the quantities of iron, aluminum and magnesium, determined in the previous section not to be coordinated in octahedral sites in the 2:1 portio n of the structure, might be present as hydroxy complexes of these ions in the glauconite samples which show apparent excess octahedral occupancy.
Three glauconite samples, two of which show excess octahedral occupancy and one which approaches the ideal of two octahedral cations per unit cell, were subjected to TGA. A nitrogen atmosphere was used so that oxidation of Fe 2 + would not occur and alter weight loss curves. TGA curves are shown in Fig. 5 . The smectite curve (from Schultz, 1971) shows two major episodes of weight loss, one in the temperature interval from 20 to about 120~ and the other from 520 to 700~ Schultz interpreted the first interval as loss of interstitial, adsorbed and interlayer water and the second as reflecting dehydroxylation of the 2:1 octahedral layer. He attributed the small weight loss between 130-520~ to a combination of the slow loss of a small amount of trapped interlayer water and the beginning of dehydroxylation.
The ideally dioctahedral glauconite GT8-66 shows a weight loss from room temperature to about 140~ This weight loss is readily interpretable as loss of interstitial adsorbed and interlayer water, the amount of which is much less than in the smectite because 'GT8-66 is a structure of much lower expandability. The second weight loss event occurs between 350 and 700~ This. by analogy with the smectite, is dehydroxylation of the octahedral layer. Dehydroxylation begins at a lower temperature in glauconite than in aluminous smectite because of the presence of octahedral Fe 3 § and Fe 2 + and parallels the relative thermal behavior of biotite (MacKenzie. 1970~. The weight loss from dehydroxylation of GT8-66 approximates the stoichiometric amount of hydroxyl ion Temperoture, ~ Fig. 5 . Thermogravimetric analysis curves for sample GT8-66, G294, G68A, Smectite TGA curve is from Schultz (1971) .
which should be present in such a glauconite (i.e. about 4"5 weight per cent). The 'dehydroxylation' weight loss of G294, for which an excess octahedral occupancy was calculated, when determined in the same way indicates a weight loss of 5.6 per cent over the same temperature interval, which is significantly in excess of the ideal 4-5 per cent, indicating the presence of excess OH. The TGA curve for G68A is markedly different from either of the glauconites discussed above or the smectite, although its total weight loss is approximately that of the smectite. It is obvious that there is quite a large drop in weight at low temperatures which must reflect loss of interstitial and interlayer water. However, instead of leveling out at near constant weight, there is a continual rapid weight loss between about 130 and 700~ It is suggested here that the large weight loss over this interval is caused by a combination of 2:1 octahedral layer (OH) loss over the temperature range 350--700~ analogy with GT8-66--and by (OH) loss from either extraneous or interlayer Mg, Fe and A1 hydroxides 297 in the range of 130-350~ The two dehydroxylation temperature ranges probably overlap but it is obvious that there is an anomalously very high weight loss in the temperature interval from about 150 to 400~
Without judging whether these hydroxyl groups are interlayer complexes or extraneous to the structure, it is now possible to recalculate the structural formulas for G68A and G294 after subtracting fl'om the total analyses the proportions of Fe, A1 and Mg that are removed in the dissolution experiments at the faster rate (Table 7) . When this is done, the calculated octahedral occupancy of these two glauconites is within the probable limits of error of being ideally dioctahedral. Structural formulas for G68A and G294 are shown in Table 8 . Therefore, various lines of evidence indicate that the apparent high octahedral occupancy in some glauconites can be accounted for by the presence of hydroxides.
EFFECT OF HEATING ON GLAUCONITE WITH EXCESS OCrAHEDRAL OCCUPANCY
To determine whether the hydroxides are coordinated as interlayer complexes in the expanded layers of the glauconite, or are extraneous to the glauconite structures, combined heating and X-ray diffraction studies were carried out on a magnesium-saturated specimen of sample G68A. The sample was heated to successively higher temperatures and then X-rayed at room temperature after heating. Under these conditions, a Mg-smectite with no interlayer hydroxy-complexes will rehydrate to two water layers after heating to temperatures of 200~ At 330~ some layers will no longer expand and at 430~ all layers irreversibly contract to 9-5/i. It can be seen from Table 9 that the layer spacing is significantly higher than 9"5 A at even the highest temperature and that there is a progressive shift to lower dool values with increasing temperature. This is interpreted as indicating the presence of interlayer metal-hydroxide layers as suggested above and described by Rich (1968) and Van der Marel (1964) . It is therefore concluded that the high octahedral occupancies reported for many glauconites are attributable to the presence of interlayer hydroxy complexes of Mg, AI and Fe. Any consideration of compositional-structural relationships in glauconite must take this feature into account.
The structural formulas of aluminous illite-smectite from sedimentary rocks (Hower and Mowatt, 1966) indicates that the occurrence of interlayer hydroxymetal complexes seems to be far less common in those minerals than in glauconite. A consideration of proposed mechanisms of glauconite genesis leads to a reasonable explanation for this difference. The process of glauconitization (Burst, 1958a, b; Takahashi and Yagi, 1929) involves, among other factors, an environment in which iron is mobilized. Mobilization of iron is also an important factor in soil development and hydrated clays of many varieties frequently contain large amounts of interlayer iron hydroxide. We believe that, as in soils, the presence of important amounts of interlayer iron hydroxide in glauconite is attributable to the mobilization of iron. To us, the most plausible explanation for the mobility of iron appears to be that given by Huang and Keller (1972) , for processes of soil formation, in which complexing with organic acids greatly increases the mobility of iron and aluminum. The influence of organic material in the glauconitization process has long been thought to be important (Burst, 1958a) .
We suggest that the mobilization of iron and aluminum by organic complexing during glauconitization explains the frequent formation of interlayer hydroxy-metal complexes. Such a process is significantly less likely in the formation of aluminous illite-smectite, much of which probably forms under the conditions of burial diagenesis (Perry and Hower, 1970) and thus intergrade iron and aluminum are much less common.
The results of a progressive acid dissolution study of potassium in glauconite are reported in detail by Thompson and Hower (1973) . Figure 6 is typical of the results obtained for potassium. The top curve labeled 'total K' shows a linear relation at dissolution times greater than about 10 hr. The straight line nature of the curve at longer times indicates that the potassium which is being removed in that longer time interval is held in the mineral in a specific structural position. The curved nature and steeper slope of the extraction at shorter times indicates a contribution to the extraction rate by potassium which is being removed at a much higher rate. The lower curve labeled 'fast K' is the result of the first deconvolution of the curve for total potassium and shows except at shortest times, a straight line relationship. Again the straight line relationship implies that some of the potassium is held in a different, but specific structure position, with the remaining amount (the non-linear portion of the curve after the first deconvolution) indicating at least one more potassium lattice position.
The dissolution curve for sample G68A, then, has three separate parts. Initially potassium is removed at a very, very high rate. This potassium is readily interpretable as exchangeable potassium. The potassium which is extracted at the longest dissolution times and plots along a straight line in the total K vs time curve is that which is extracted most slowly and presumably occupies the 6-fold coordination site (distorted 12-fold site) in the collapsed interlayer positions of the glauconite. It is difficult to assign a structural site to the potassium which is removed at the intermediate rate; that it occupies a specific site is certain for it is removed at a constant rate. We suggest that the potassium extracted at the intermediate rate is present in the hydrated layers along with the exchange potassium but is present in the hexagonal voids surrounded by 6 oxygens. This potassium would occupy the same plane as the basal oxygens of the tetrahedral layer as suggested by Marshall (1964) and Mering and Glaesser (1954) for sodium in smectite. It is consequently much more difficult to remove than normal exchange ions. The determination that a significant proportion of potassium is located in expandable interlayer positions in some glauconites is of considerable importance in the radiometric dating of glauconite pellets. In calculating the K + occupancy of the illite layers in the mineralogy section, we assumed that no K + was present in the smectite layers. The quantity of K + in the smectite layers is such that its presence in smectite layers does not materially alter the structural argument, but is very important for radiometric dating purposes. Daughter products of radioactive elements located in expandable interlayer positions would be totally lost from the glauconite structure. We suggest that the loss of daughter products from such sites causes the systematically low radiometric ages from glauconites which has been noted previously in the literature (Hurley et al., 1960) . It is possible to correct for errors thus caused in radiometric age determinations by using acid dissolution to determine the relative abundance of potassium or rubidium in each of the three lattice sites, and recalculating the age using only the amount of the parent element in the illite layers. (Thompson and Hower, 1973) .
SUMMARY OF CONCLUSIONS
(1) Calculated X-ray powder diffraction patterns of iron-rich illite-smectite structures generated by the method of Reynolds and Hower (1970) resemble Xray diffraction patterns of glaucOnite quite well. We conclude that glauconite structures are identical to the structures of mixed layer illite-smectites.
(2) The structural variations in glauconite are: (a) glauconite covers the range from less than 5 to at least 65 per cent smectite layers, (b) glauconite with more than 25 per cent smectite layers is randomly interstratified, (c) almost all samples of glaueonite which have 10-25 per cent smectite layers show allevardite-type ordered interstratification of the illite and smectite layers and (d) glauconites with 10 per cent or fewer smectite layers, and some with 15 per cent expandable layers, show ordering of the IMII type. (3) An excellent relationship exists between the number of potassium atoms per unit cell and the proportion of illite layers in glauconite. This relation indicates a continuous mineralogical series, analogous to that of aluminous mixed-layer illite-smeetite.
(4) As the proportion of illite layers in glauconite increases the mean potassium content of the illite layers also increases. We interpret this to mean that as expandability decreases a higher structural charge and a higher potassium content are required to form illite layers from the remaining smectite layers. Sawhney's (1967) model for the conversion of vermiculite to mica layers on potassium absorption adequately explains both this phenomenon and the occurrence of ordered interlayering in glauconites (and aluminous illite-smectite) with high proportions of illite layers.
(5) The illite layers in glauconite of high expandability are much lower in interlayer charge and potassium content than are the illite layers in structurally equivalent aluminous illite-smectite. This feature can be explained by the greater stability of potassium ions in the voids of the basal plane of glauconite because of its 1 M structure and, perhaps, to the presence of large amounts of octahedral iron. Giese (1973) has shown that the tilt of the (~H axis away from the (001) plane in the 1 M structure is greater than for any other polymorph, thus minimizing the electrostatic repulsion of interlayer potassium by hydrogen. The lower electronegativity of iron may allow an even greater tilt of the O-H axis, allowing a particularly stable bonding environment for potassium in glauconite.
(6) The apparent octahedral occupancy in excess of two cations per three octahedral sites shown by some glauconites is attributed to the presence of hydroxy-complexes of magnesium, aluminum, and iron in the expandable layers. The amounts of these interlayer hydroxy-complex iron, aluminum and magnesium can be determined by acid dissolution studies.
(7) Low radiometric ages from some glauconite pellet samples are attributable in part or in whole to the presence of potassium in expanded layers of the glauconite structure from which sites radiogenic daughter products would predictably be readily lost. Corrections can be made in age calculations using techniques of acid dissolution.
